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In endothelial cells, two type I receptors of the trans- 
forming growth factor (3 (TGF-p) family, ALK1 and 
ALK5, coordinate to regulate embryonic angiogenesis 
in response to BMP9/10 and TGF-(3. Whereas TGF-(3 
binds to and activates ALK5, leading to Smad2/3 phos- 
phorylation and inhibition of endothelial cell proliferation 
and migration, BMP9/1 0 and TGF-p also bind to ALK1 , 
resulting in the activation of Smadl/5. SnoN is a nega- 
tive regulator of ALK5 signaling through the binding and 
repression of Smad2/3. Here we uncover a positive role 
of SnoN in enhancing Smadl /5 activation in endothelial 



cells to promote angiogenesis. Upon ligand binding, 
SnoN directly bound to ALK1 on the plasma membrane and 
facilitated the interaction between ALK1 and Smadl/5, 
enhancing Smadl/5 phosphorylation. Disruption of this 
SnoN-Smad interaction impaired Smadl/5 activation 
and up-regulated Smad2/3 activity. This resulted in de- 
fective angiogenesis and arteriovenous malformations, 
leading to embryonic lethality at El 2.5. Thus, SnoN is 
essential for TGF-p/BMP9-dependent biological pro- 
cesses by its ability to both positively and negatively mod- 
ulate the activities of Smad-dependent pathways. 



Introduction 

Angiogenesis, the formation of new blood vessels from preex- 
isting vessels, is essential for many physiological processes 
including embryonic development, wound healing, tissue repair, 
and regeneration (Carmeliet, 2003; Chung and Ferrara, 2011). 
During angiogenesis, the primary vascular plexus formed dur- 
ing the initial vasculogenesis undergoes a remodeling process 
in which the initial honeycomb-like pattern of vasculature is 
remodeled into a branched complex vascular network. Angio- 
genesis is composed of an activation phase when endothelial 
cells (ECs) are activated to undergo proliferation, migration, 
branching, and tube formation followed by a resolution phase. 
During resolution, EC proliferation stops while pericytes or 
vascular smooth muscle cells are induced to differentiate and 
recruited to the newly formed vessels to establish the vessel wall 
(Pepper, 1997). The complex process of vascular development 
is regulated by many growth factors, among which members of 
the transforming growth factor p (TGF-p) family, including 
TGF-p and BMP9/10, play a central and indispensable role 
(Goumans et al., 2003a; Pardali et al., 2010). More precisely, 
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TGF-p is required for the formation and remodeling of the pri- 
mary vascular plexus by regulating the proliferation, migration, 
and differentiation of vascular endothelial cells. Furthermore, 
TGF-p is required for the differentiation and recruitment of 
vascular smooth muscle cells and the interaction between en- 
dothelial cells and vascular smooth muscle cells. Inactiva- 
tion of TGF-p ligand, its associated receptors, and downstream 
Smad proteins all lead to severe defects in yolk sac and embry- 
onic angiogenesis, ultimately resulting in embryonic lethality 
(Mummery, 2001; Goumans et al., 2003a; Wu and Hill, 2009; 
Pardali et al., 2010). 

TGF-p signals through the cell surface type II and I recep- 
tors and through downstream Smad proteins. Binding of TGF-p 
to its receptors results in activation of the ALK5 receptor 
kinase, which then phosphorylates and activates Smad2 and 
Smad3. The phosphorylated Smad2 and Smad3 form hetero- 
trimeric complexes with Smad4 and translocate into the nucleus 
where they activate transcription of TGF-p target genes (Attisano 
and Wrana, 2002; Shi and Massague, 2003; Derynck and 
Miyazono, 2008; Guo and Wang, 2009; Moustakas and Heldin, 
2009). In endothelial cells, in addition to the conventional ALK5 
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Partial lethality of the SnoN m/m embryos occurs between El 1 .5 and El 2.5. Offspring resulting from heterozygous intercrosses were genotyped at various embryonic 
developmental stages. Significant deviation from the Mendelian ratio is detected after El 1 .5. 



type I receptor, an endothelial cell-specific type I receptor, 
ALK1, also mediates TGF-p signaling to activate the BMP 
R-Smads (Smadl, 5, and 8; Goumans et al., 2002). Recent 
advances suggest that in endothelial cells, BMP9/10 activates 
ALK1 and the downstream Smadl/5/8 to regulate endothelial 
cell proliferation and differentiation and might in fact be the 
bona fide ligand for ALK1 (David et al., 2007). It is known that 
the disruption of TGF-p or BMP9/10 signaling through the 
elimination of critical components of either pathway, including 
ALK1, ALK5, or Smad proteins, leads to defective maturation of 
the primary vascular plexus, resulting in dilated and fragile ves- 
sels and decreased integrity of vessel walls. These mice die in 
mid-gestation due to defective yolk sac and embryo angiogenesis 
(Pardali et al., 2010). In addition to these defects, ALK1 -deficient 
embryos, but not ALK5-null embryos, also exhibit arteriovenous 
malformations (AVMs), due to the fusion of major arteries and 
veins, and a significantly reduced expression of Ephrin-B2, an 
artery marker (Urness et al, 2000; Park et al., 2008). 

SnoN has been shown to be an important negative regu- 
lator of the Smad proteins (Luo, 2004). SnoN interacts with 
Smad2, Smad3, and Smad4 and represses their transactiva- 
tion activity by disrupting the functional heteromeric Smad 
complexes, recruiting transcription corepressor complexes and 
blocking the binding of transcriptional coactivators to the Smads 
(Akiyoshi et al., 1999; Stroschein et al., 1999; Wu et al., 2002; 
Luo, 2004). Overexpression of SnoN can block TGF-p-induced 
growth arrest (Stroschein et al., 1999; Sun et al., 1999), a mech- 
anism that is likely responsible for the pro-oncogenic activity of 
SnoN (He et al., 2003). To date, the majority of studies on SnoN 
have focused on its role in human cancer cells, whereas the 
function of SnoN in embryonic development is currently not 
well understood. 

SnoN is ubiquitously expressed in all embryonic and adult 
tissues (Luo, 2004; Deheuninck and Luo, 2009; Jahchan and 
Luo, 2010; Zhu and Luo, 2012), and its expression is up-regulated 
during specific stages of development and tissue morphogenesis 
(Jahchan and Luo, 2010; Zhu and Luo, 2012), suggesting that 
it may play a role in embryonic development and normal tissue 
functions. Three snoN knockout mouse lines have been re- 
ported. Whereas one snoN-mx\\ line shows embryonic lethality 
before E3.5 (Shinagawa et al., 2000), the other two SnoN dele- 
tion mice are viable with only minor defects in T cell activation 
(Pearson-White and McDuffie, 2003). Thus, these knockout 
mice are not able to provide a definitive physiological role of 
SnoN in embryonic development. 

In an effort to uncover the role of SnoN in regulating 
TGF-P signaling during embryonic development, we have gen- 
erated a knock-in mouse (SnoN m/m ) expressing a mutant SnoN 



defective in binding to the Smad proteins in the original snoN 
locus (Pan et al., 2009). In this paper, we report that SnoN m/m 
mice show partial embryonic lethality, mostly due to defects 
in angiogenesis in both the yolk sac and embryo body. Using 
mouse embryo endothelial cells (MEECs) derived from the 
knock-in embryos as well as human pulmonary artery endothe- 
lial cells (HPEACs), we have uncovered novel mechanisms by 
which SnoN enhances ALK1 signaling. 

Results 

SnoN m/m mice display partial 
embryonic lethality 

To understand the functions of SnoN in regulation of Smad sig- 
naling during embryonic development, we generated a knock-in 
mouse by replacing the endogenous snoN gene with a mutant 
(mSnoN) that is defective in binding to both R-Smads and 
Co-Smad (Pan et al., 2009). In crossings of heterozygous SnoN 
knock-in mice (SnoN +/m ) on either C57BL/6J or 129P2 back- 
ground, the number of homozygous SnoN m/m pups was consis- 
tently lower than the expected 25 % Mendelian ratio (unpublished 
data). Approximately 15.9% of the pups bom from the SnoN +/m x 
SnoN +/m intercrossing were homozygous, 47.0% were hetero- 
zygous, and 37. 1 % were wild-type (WT), indicating that ^36.4% 
of the homozygous embryos died before birth. This suggests 
that SnoN m/m mice display partial embryonic lethality. Interest- 
ingly, before E10.5-E11.5, 25% of embryos were homozygous 
for the knock-in allele while partial lethality could be observed 
after El 1.5 (Table 1), indicating that embryonic lethality oc- 
curred largely between El 1.5 and E12.5. 

Aberrant developmental phenotypes were observed as 
early as E8.75 in some of the SnoN m/m embryos (unpublished 
data). At E9.5, ~22.7% of SnoN m/m embryos were retarded 
in growth, some of which failed to turn (Fig. 1 B; unpublished 
data). By E10.75, these mutants were much smaller than their 
littermate controls, and many of them exhibited cardiac abnor- 
malities including pericardial effusion, a common manifesta- 
tion of disrupted blood flow and osmotic imbalance (Fig. 1 D; 
Copp, 1995). From El 1.5 to E12.75, some mutant embryos 
were resorbed, while the remaining embryos displayed dilated 
vessels and hemorrhage at various body locations (Fig. 1, F and H). 
These data suggest that SnoN" 17111 embryos may exhibit defects 
in the development of their vascular system. 

SnoN"* 1 embryos display defects in yolk 
sac angiogenesis 

The yolk sac has long been recognized as the first site of vascu- 
logenesis and hematopoiesis during embryonic development 
(Flamme et al., 1997). In WT embryos, beginning around E9.0, 
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Figure 1 . SrioN 1 "' 1 " embryos display growth retardation and cardiovascu- 
lar defects. Lateral view of WT (A, C, E, and G) and mutant (B, D, F, and 
H) embryos at E9.5 (A and B), E10.75 (C and D), El 1 .5 (E and F) and 
El 2.75 (Gand H). 

the primitive vascular plexus of the yolk sac undergoes a 
remodeling process in which the initial honeycomb-like pat- 
tern of vasculature is remodeled into a more branched pattern 
of mature vitelline vessels (Fig. 2 A, boxed area; Risau, 1997). 
At E10.5, the large, well-organized, tree-like vascular network 
was clearly visible in WT yolk sacs (Fig. 2 B). In contrast, more 
than 20% of the SnoN m/m yolk sacs looked pale, and the surface 
of these yolk sacs was dimpled and wrinkled with blood cells 
scattered in some regions (Fig. 2 A, boxed area). No distinct 
blood vessels were evident (Fig. 2 B). Whole-mount immunos- 
taining of PEC AM- 1 (platelet endothelial cell adhesion mole- 
cule 1), an endothelial cell marker, showed that, at E10.5, the 
WT yolk sacs displayed an organized vascular network of 
branching vessels that were lined with PEC AM- 1 -positive en- 
dothelial cells, indicating that the primitive vascular plexus had 
been fully remodeled (Fig. 2 C). In contrast, although the initial 
primitive vascular plexus had formed in SnoN m/m yolk sacs, this 
remodeling process did not take place and the vessels remained 
in the honeycomb-like pattern (Fig. 2 C). Histological analysis 
of SnoN m/m yolk sacs revealed that the vasculature was dilated, 
and the endoderm and mesoderm layers were barely connected 



(Fig. 2 D, boxed area). Immunohistochemical staining of 
a-smooth muscle actin (SMA), one of the earliest markers of 
pericytes in the developing mouse embryos (Takahashi et al., 
1996), also confirmed that fewer vascular smooth muscle cells 
(VSMCs) were found surrounding the vessels in the mutant 
yolk sacs (Fig. 2 E). Therefore, the vasculature in SnoN 017 " 1 yolk 
sacs was not properly supported by the VSMCs. 

Consistent with the aberrant morphological and histologi- 
cal features in angiogenesis, the expression patterns of some 
of the molecules known to be involved in regulation of angio- 
genesis, including Angiopoietin 1 and 2 (Angl and Ang2), 
Angiopoietin 1 receptor (Tie2), and vascular endothelial growth 
factor receptor 1-3 (Fltl, Flkl, and Flt4), were all altered in 
SnoN 111/m yolk sacs (Fig. 2 F). In addition, the expression of 
several Notch target genes, Heyl, Hey2, and Hesl, was decreased 
(Fig. 2 F), consistent with the idea that Notch signaling may be 
regulated by Flt4 and possibly BMP signaling (Larrivee et al., 
2012). These changes confirmed that the normal angiogenesis 
program has been disrupted by the mutations of SnoN. 

Taken together, our results suggest that a loss of the 
SnoN-Smads interaction impairs yolk sac angiogenesis, but 
not vasculogenesis. 

SnoN nVm embryos also display 
angiogenesis defects 

To determine if the vasculature of the embryo proper was also 
affected by the mutations of SnoN, we performed a-PECAM-1 
whole-mount immunohistochemistry to visualize the vascula- 
ture of whole embryo bodies. At E9.5, the vascular system in 
WT embryos had begun the remodeling process. The branched 
cephalic large vessels and capillary networks were readily dis- 
tinguishable in the dorsal midbrain (Fig. 3 A). In contrast, the 
cephalic plexus in SnoN m/m embryos failed to remodel into a 
branched vascular network and instead remained as a plexus 
with minor sprouting (Fig. 3 A). Although WT embryos dis- 
played a continuous dorsal aorta along the length of the embryo 
and a well-defined cardinal vein from head to heart (Fig. 3 B), 
in SnoN m/m embryos the anterior cardinal vein appeared de- 
formed and unusually close to the dorsal aorta, while the 
edges of the dorsal aorta were not clearly delineated (Fig. 3 B), 
suggesting a defect in embryonic angiogenesis. Indeed, sec- 
tioning of these a-PECAM-l-stained embryos at the level de- 
picted in Fig. 3 B revealed that the dorsal aortas of the SnoN m/m 
embryos were enlarged and irregular in shape on both sides 
(Fig. 3 C). The relative position of the dorsal aortas was much 
closer to the anterior cardinal veins in the SnoN m/m embryos 
than that of the corresponding dorsal aortas in WT embryos, 
and one of the anterior cardinal veins was severely deformed 
(Fig. 3 C). The deformed vessels observed in E9.5 SnoN mAn em- 
bryos may be partially due to the defect in the differentiation 
and/or recruitment of vascular smooth muscle cells to the endo- 
thelial cells because in situ hybridization staining of E9.5 em- 
bryos with ct-SMA detected a significant decrease in a-SMA 
expression around the dorsal aorta in these mutant embryos 
(Fig. 3 D). By El 1.5, WT embryos have completed the remod- 
eling process and exhibited extensive branching in the vascula- 
ture (Fig. 3 E). In contrast, a number of SnoN in/m embryos with 



SnoN promotes Smad1/5 activation and angiogenesis • Zhu et al. 939 




WT 




e M m/m § 
SnoN ; 



J 



. UP 




;5-Actin 



II Li :lnl iLl :lfll 

Eo Ang1 Ang2 Tie2 Flt1 

lllkliliii 

Eo Flk1 Flt4 Hes Hey1 



o wt 




□ WT 



Hey2 



Figure 2. SnoN m/m embryos exhibit defects in yolk sac angiogenesis. Gross morphology of yolk sac of WT (top] and mutant (bottom] embryos at E9.5 
(A) and E10.5 (B). The boxed areas in A are shown at a higher amplification to reveal the difference in vasculature between WT and mutant yolk sacs. 
(C) Whole-mount a-PECAM-1 staining of El 0.5 yolk sac from WT (left) or SnoN m/m (right) mice. (D) H&E staining of cross sections of WT and SnoN m/m 
yolk sacs. The black arrowheads indicate blood vessels. The red arrow in the boxed area shows the area where the endoderm and mesoderm failed to 
connect properly. (E) a-SMA staining of cross sections of both WT and SnoN m ^ m yolk sacs shows a reduced number of smooth muscle cells surrounding 
the endothelium of the mutant yolk sac. The boxed area highlights the a-SMA staining in a single vessel in WT or SnoN m/,m yolk sacs. (F) Semi-quantitative 
RT-PCR analysis of angiogenesis regulators from WT or SnoN m/m yolk sacs. The mRNA levels of these genes were normalized to that of p-actin. The data 
shown are from a single representative experiment out of three repeats. The relative fold changes in the SnoN m/m yolk sacs over that of WT yolk sacs were 
quantified and shown in the bar graphs below. Bars: (A, C, D, and E) 100 pm. 



pronounced angiogenesis defects still displayed the honey- 
comb-like pattern of primary capillary plexus, indicating that 
the vascular remodeling failed to take place. These embryos 
exhibited severe developmental delay and died around El 1.75 
to E12.5. The less severely affected SnoN" 171 " embryos survived 
through the vasculature remodeling process, but often dis- 
played dilated vessels, developed severe hemorrhage at gut, 
brain, or heart regions, and died at a later stage (around E13.5; 
unpublished data). 



SnoN"* 1 mice display 
arteriovenous malformations 

Although mutations in both ALK1 and ALK5 signaling affect yolk 
sac and embryonic angiogenesis, ALK1- or Smadl/5-deficient 
embryos exhibit unique features that are not observed in mice 
defective in ALK5 signaling (Yang et al., 1999; Oh et al., 2000; 
Urness et al., 2000; Larsson et al., 2001). In particular, ALK1 is 
expressed at high levels in the arteries and is crucial for main- 
taining the arterial-venous identity because mice lacking ALK1 
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Figure 3. SnoN m/m mice display angiogenesis defects in the embryo proper. (A) a-PECAM-1 whole-mount immunostaining of the head region in E9.5 
embryos shows a remodeled vascular plexus in the WT embryos but not in the SnoN m/m embryos. (B) a-PECAM-1 whole-mount immunostaining of the 
heart region reveals a deformed anterior cardinal vein in E9.5 SnoN m/m embryo, acv, anterior cardinal vein (indicated by white arrows); da, dorsal aorta 
(indicated by yellow arrowheads). The dashed black lines depict the level of the cross sections shown in C. (C) a-PECAM-1 immunohistochemistry of 
comparable paraffin sections in E9.5 WT and SnoN m/m embryos shows enlarged dorsal aortas (da) and deformed left anterior cardinal vein (acv) in the 
SnoN m/m embryo. (D) Whole-mount in situ a-SMA staining of E9.5 embryos. (E) Vasculature in the head area of El 1 .5 embryos as visualized by a-PECAM-1 
whole-mount staining. Bars: (A-C) 100 urn; (D) 0.5 mm; (E) 0.25 mm. 



showed lethal AVM in multiple locations. Interestingly, immuno- 
histochemistry staining of SnoN in E9.5 embryos showed that 
in addition to its expression in the epithelial and mesenchymal 
compartments, SnoN was expressed at a higher level in the 
arteries than in the cardinal veins (Fig. 4 A), similar to the ex- 
pression pattern of ALK1 (Seki et al., 2003). Consistent with 
this, the expression of the artery marker ephrinB2 was signifi- 
cantly reduced in SnoN m/m embryos (Fig. 4 B). 

At El 1.5, cross sectioning at the caudal heart position 
further revealed that ^8.9% of the SnoN m/m embryos exhibited 
dilated cardinal vein and AVM resulting from fusion of the dor- 
sal aorta with the common cardinal vein (Fig. 4 C, red arrows). 
Consistent with the histological analysis, the ink injection assay 
also suggested AVM (Fig. 4 D). In WT control embryos, after 
ink was injected into the proximal outflow tract of the heart, the 
ink exited through the paired bronchial arch arteries to enter 
the dorsal aorta and traversed the entire length of the embryo 
(Fig. 4 D, top, black arrows). In contrast, in some of the SnoN m/m 
embryos, after exiting the distal outflow tract, the injected ink 
directly entered the venous circulation via the anterior cardinal 
vein in the anterior part of the embryos. The ink injection simul- 
taneously entered the descending dorsal aorta and was shunted 
back into the heart via fusion of the dorsal aorta with the com- 
mon cardinal vein (Fig. 4 D, bottom, red arrows; and unpublished 
data). Thus, SnoN 1 " 7 " 1 embryos displayed AVM, a phenotype 
similarly found in mice lacking ALK1 (Yang et al., 1999; 
Urness et al., 2000; Seki et al., 2003), suggesting that SnoN can 
affect ALK1 signaling in endothelial cells. 



It has been shown that endothelial-specific deletion of 
the ALK1 allele in adult mice (ALKl-iKO) results in the de- 
velopment of AVM in the lung, brain, and GI tract and dorsal 
skin after wounding (Park et al., 2009). We therefore won- 
dered whether the surviving adult SnoN m/m mice might also 
develop AVM, similar to mice with a deletion of ALK1. To 
do this, we performed latex dye injection in four pairs of 
2-mo-old WT and SnoN™ 7111 mice after wounding as well as in 
two pairs of older 12-mo-old mice without wounding. Because 
the latex dye does not transverse the capillary bed, it only 
visualizes arterial branches unless there are AV shunts. When 
AVMs were present as shown in ALKl-iKO skin and ear 
(Fig. 4 E, g-i), arteries and veins appeared tortuous and exces- 
sive, and the latex dye could be found in venous branches. 
Unlike these, in the SnoN m/m mice, the latex dye was mostly 
found in arterial branches and no abnormal vessel tortuosity 
was found in the wound areas (Fig. 4 E, d-f), suggesting the 
absence of de novo AVM in these adult mice. However, in one 
of the two aged SnoN m/m mice examined, a clear sign of AVM 
was found in the blood vessels running the surface of the left 
cystic ovary of the mouse (Fig. SI). Because this is the only 
incidence of AVM, it is unclear whether this phenomenon is 
reproducible or whether it is specific to certain pathological 
conditions such as cystic ovary. 

Taken together, our results suggest that a loss of the 
SnoN-Smads interaction impairs both extra-embryonic and 
embryonic angiogenesis, and that the defective angiogenesis 
may be responsible for the prenatal death of SnoN m/m embryos. 
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Figure 4. SnoN is involved in the regulation of arterial identity through modulating ALK1 signaling. (A) Immunofluorescence staining of SnoN on paraffin 
sections from E9.5 WT or SnoN m/m embryos, ov, otic vesicle; cv, cardinal vein; da, dorsal aorta. Bar, 50 pm. (B) RT-PCR analysis of ephrinB2 transcript 
from WT or SnoN m/m yolk sacs. P-Actin was used as a loading control. Data represent mean ± SEM from three independent experiments. (C) a-PECAM-1 
immunohistochemistry staining of paraffin sections from El 1 .5 WT or SnoN m/m embryos at the level of the heart. An AVM (red arrow) formed by the fusion 
of the right dorsal aorta (da, blue arrowheads) with the right common cardinal vein (ca, blue arrows) is readily seen in the SnoN m/m embryo. Bar, 50 pm. 
(D) India ink injection in El 1 .5 embryos. The boxed areas highlight the paths of blood outflow from the heart in WT and SnoN m/m embryos. In WT embryos, 
the heart ejected the ink through the bronchial arches into the entire length of the descending dorsal aorta (black arrows), whereas in the SnoN m/m embryos, 
the ink flew directly into both anterior cardinal veins and dilated dorsal aorta, and shunted back to the heart (red arrows). Bar. 1 mm. (E) No apparent 
AVMs in subdermal blood vessels surrounding the wounds of SnoN m/m mutants. Latex dye-injected vascular images in the wound areas (*) of dorsal skin 
and ear of control (a-c), SnoN mutants (d-f), and ALK1 -inducible knockout (iKO; g-i) are shown. Bar, 2 mm. 



SnolM m/m embryos display aberrant ALK5 
and ALK1 signaling 

To determine the molecular mechanism responsible for the 
defective angiogenesis of the SnoN m/m embryos, we isolated 
MEECs from El 1.5 SnoN™" 11 embryos and WT littermates. In 
the conventional 2D culture, the SnoN m/m MEECs displayed 
similar morphology and similar levels of apoptosis as WT 
MEECs (unpublished data), but showed markedly decreased 
proliferation (Fig. 5, A and B) and migration rates (Fig. 5 C). This 
reduced proliferation was due, at least partially, to inhibition by 
autocrine TGF-p through the ALK5 branch because treatment 



of cells with SB-431542, the ALK5 inhibitor, greatly increased 
proliferation of SnoN™"" MEECs (Fig. 5 A). The decreased pro- 
liferation was not due to autocrine BMP9 because addition of 
BMP9 blocking antibody did not enhance cell proliferation 
(Fig. 5 B). Interestingly, while WT MEECs underwent cell 
cycle arrest in response to BMP9, the proliferation of SnoN m/m 
MEECs was not as markedly affected (Fig. 5 B), suggesting a 
potential defect in ALKl-Smadl/5 signaling. Similarly, BMP9 
was able to inhibit the migration of WT but not SnoN m/m MEECs 
(Fig. 5 C). Consistent with the defective angiogenesis ob- 
served in vivo, SnoN m/m MEECs also displayed impaired capillary 
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Figure 5. SnoN m/m endothelial cells exhibit impaired ALK1 and ALK5 signaling. (A and B) SnoN m/m MEECs display reduced proliferation. Equal numbers 
of WT or SnoN m/,,n MEECs were treated either with or without 1 0 uM SB-43 1 542 in A or in the absence or presence of 1 0 ng/ ml of BMP9 or 5 ng/ ml of 
a-BMP9 antibody in B and cultured for 4 d. Cells were counted at the indicated days. Data represent mean ± SEM from three independent experiments. 
(C] Transwell migration assays. 10 5 WT or SnoN m/m MEECs were placed in the upper chamber in media containing 1% FBS with or without 10 ng/ml BMP9 
for 16 h. Migrated cells were stained, photographed (top panels], and quantified (shown in the graph below). Data represent mean ± SEM from three 
independent experiments, ns, not significant. (D) SnoN m/m MEECs show defective sprouting activity. MEECs spheroids were seeded in collagen gels with 
or without VEGF together with or without BMP9, and sprouting was evaluated after 24 h. Representative pictures are shown on the top. The lengths of the 
endothelial sprouts were quantified and shown in the graph below. At least 10 spheroids were measured per experiment, and data representing mean ± 
SEM from three independent experiments are shown, ns, not significant. Bar, 400 urn. (E) Semi-quantitative RT-PCR analysis of PAI-1 and ld-1 mRNA in yolk 
sacs (left) and MEECs (right). For MEECs, cells were serum starved for 16 h and stimulated with 100 pM TGF-pl for 3 h. p-Actin was used as a loading 
control. (F) SnoN m/m MEECs show increased ALK5-dependent transcription and reduced ALK1 -dependent transcription in luciferase assays. p3TP-Lux or 
(BRE) 2 lux was transfected into the WT and SnoN m/m MEECs, and luciferase activity was measured 1 6 h after TGF-p or BMP9 treatment. 
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Figure 6. Activation of Smadl/5 by ALK1 is impaired in SnoN m/m MEECs. (A) Reduced phosphorylation of Smadl/5, but not Smad2/3 in SnoN m/m 
MEECs. Cells were treated with 100 pM TGF-pl for 1 h, and cell lysates were analyzed by Western blotting using the indicated antibodies on the left. 
a-Tubulin was included as a loading control. Black lines indicate the removal of intervening lanes for presentation purposes. (B) The kinetics of Smadl /5 
phosphorylation is similar between WT and SnoN m/m MEECs. Cells were treated with 1 00 pM TGF-(3l for the indicated time periods, and phosphorylation 
of Smads was measured as described in A. (C) BMP9-induced phosphorylation of Smadl/5 is also decreased in SnoN m ^ m MEECs. Cells were treated 
with 1 0 ng/ml BMP9 for 1 h, and Smad 1 /5 phosphorylation was measured as described in A. (D) Endogenous interaction between Smadl/5 and ALK1 
is impaired in SnoN m/m MEECs. Endogenous ALK1 was isolated by immunoprecipitation (IP) from WT and SnoN m/m MEECs stimulated or not with TGF-p, 
and ALK1 -associated proteins were analyzed by Western blotting with the indicated antibodies (top panels). Controls of protein levels in whole-cell 
lysates are shown on the bottom. The black line in the SnoN cell lysate panel indicates the removal of intervening lanes for presentation purposes. (E) No 
difference in Smad2-ALK5 interaction is detected between WT and SnoN m/m MEECs. Interaction between endogenous ALK5 and Smad2 was isolated by 
immunoprecipitation with anti-ALK5 followed by Western blotting with anti-Smad2. (F) The GS domain in ALK1 is required for the SnoN-ALKl interaction. 
Top: schematic drawing of WT ALK1, including the extracellular domain (ECD), transmembrane domain (TMD), glycine/serine-rich (GS) domain, and 
S/T kinase domains. Position of the Nl 81-1 86 mutation is indicated. Bottom: association of HA-SnoN with various Flag-tagged ALK1 (F-ALK1) mutants 
was measured by immunoprecipitation with anti-Flag followed by Western blotting with anti-HA. Black lines indicate the removal of intervening lanes for 
presentation purposes. 



formation ability in vitro. In a spheroid sprouting assay, VEGF 
induced endothelial sprouting in WT MEECs and BMP9 further 
enhanced this activity, whereas in the SnoN™ 7 " 1 MEECs sprout- 
ing in response to either VEGF alone or VEGF plus BMP9 was 
impaired (Fig. 5 D). 

Previous studies have suggested that two separate TGF-(3 
receptor pathways (ALK1 and ALK5) in vascular endothelial cells 
may coordinate to regulate proliferation, maturation, and migration 
of cells during angiogenesis (Goumans et al., 2003a). We next 
compared the activities of these two signaling branches in WT 
and SnoN™" 11 cells. In SnoN™" 11 yolk sac and its derived MEECs, 
the expression of PAI-1, an ALK5 target gene and a negative 
regulator of endothelial migration (Goumans et al., 2003b), was 



highly elevated (Fig. 5 E). In SnoN™ 7 " 1 MEECs, this up-regulation 
of PAI-1 expression was further enhanced by TGF-(3, possibly due 
to the lack of repression of Smad transcription by mSnoN. Inter- 
estingly, the expression of Id-1, a target gene of the ALK1 branch 
(Goumans et al., 2002), was significantly reduced in SnoN nl/m 
yolk sacs and in SnoN m/m MEECs either in the presence or ab- 
sence of TGF-(3 (Fig. 5 E) or BMP9 (not depicted). Similarly, in 
luciferase reporter assays the activity of p3TP-lux, the ALK5- 
dependent reporter, was elevated, whereas that of (BRE) 2 lux, 
the ALK1 -dependent reporter, was significantly decreased upon 
TGF-3 or BMP9 treatment in SnoN 1 "" 11 MEECs (Fig. 5 F). Thus, 
the activity of ALK5 signaling is increased whereas that of the 
ALK1 branch is decreased in SnoN m/m MEECs. 
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Impaired ALK1 signaling in SnolM-def icient 
endothelial cells 

We next examined upstream signaling events in both ALK5 and 
ALKl pathways to determine how SnoN affected the activities 
of the two branches by using MEEC lines isolated from different 
embryos (Fig. 6 A and Fig. S2 A). Multiple lines of WT and 
SnoN m/m MEECs were treated with TGF-p. The phosphoryla- 
tion of Smad proteins in these cell lines was examined by 
Western blot. As shown in Fig. 6 A and Fig. S2 A, although the 
total levels of R-Smad proteins (Smadl-5) remained the same, 
a marked decrease in the phosphorylation of Smadl/5 (pi- 
Smadl/5) after TGF-P stimulation was detected in SnoN m/m 
cells. Interestingly, the level of phospho-Smad2 (pi-Smad2) 
in SnoN m/m MEECs was indistinguishable from that in WT 
MEECs (Fig. 6 A). A time-course experiment indicated that 
the kinetics of Smadl/5 phosphorylation in response to TGF-p 
in SnoN"* 1 MEECs was similar to that in WT MEECs (Fig. 6 B). 
Because Smadl/5 can also be activated by BMP9 through 
ALKl or BMP4 through ALK3 or ALK6, we asked whether 
the decrease in Smadl/5 phosphorylation also occurred in re- 
sponse to BMP signaling. WT or SnoN m/m MEECs were stimu- 
lated with either BMP9 or BMP4, and phospho-Smadl/5 levels 
were examined by Western blotting. Although no difference 
in BMP4-induced phosphorylation of Smadl/5 was detected 
between WT and SnoN 1 """ MEECs (Fig. S2 B), a decrease in 
BMP9-dependent phosphorylation of Smadl/5 was observed 
in SnoN m/m MEECs (Fig. 6 C), indicating that the reduced 
phosphorylation of Smadl/5 is specific to ALKl signaling 
and independent of ALK2/3/6 pathways. 

A decrease in Smadl/5 phosphorylation could be due to 
the reduced receptor expression or an impaired ALKl-Smadl/5 
interaction. As shown in Fig. 6 D, the expression level of ALKl 
was the same in WT and SnoN m/m MEECs. Although the ex- 
pression of Endoglin showed a slight decrease and that of T(3RII 
displayed a moderate increase in mutant MEECs (Fig. S2 C), 
these changes are unlikely to be responsible for the dramatic 
decrease in Smadl/5 phosphorylation observed in mutant cells. 
Interestingly, upon TGF-p or BMP9 treatment, the ability of 
ALKl to form a complex with its substrate, Smadl/5, was sig- 
nificantly weakened in SnoN m/m MEECs (Fig. 6 D and Fig. S2 D). 
In contrast, there was no change in the formation of the ALK5 
and Smad2/3 complex between these two cell lines (Fig. 6 E). 
Therefore, the mutations in SnoN weakened the binding of 
Smadl/5 to the ALKl receptor, leading to the decreased phospho- 
Smadl/5 in SnoN"" 111 MEECs. 

SnoN facilitates activation of 
Smadl/5 by ALKl 

We next investigated how SnoN specifically affected the inter- 
action of ALKl with Smadl/5, given that SnoN has always 
been thought to function in the nucleus or in the cytoplasm, but 
never been reported to act at the cell surface. In a coimmunopre- 
cipitation assay to examine the interaction between endogenous 
ALKl and Smadl/5, we were surprised to detect SnoN in the 
ALKl immunoprecipitates in both WT and SnoN m/m MEECs in 
the presence of TGF-P (Fig. 6 D). This association appeared 
to require the GS domain of ALKl (Fig. 6 F). In addition, the 



amount of mSnoN that associated with ALKl was similar to 
that of WT SnoN even though mSnoN was present in the cells 
at a higher level than WT SnoN because it could not be de- 
graded upon TGF-P stimulation (Fig. 6 D). Consistent with this 
finding, immunostaining results showed that in both WT and 
SnoN m/m MEECs, SnoN was expressed not only in the nucleus 
and cytoplasm as previously reported (Luo, 2004; Deheuninck 
and Luo, 2009; Jahchan and Luo, 2010), but a fraction of SnoN 
was also found in close proximity to the plasma membrane 
(Fig. S2 E). Because ALKl binds to Smadl/5 to phosphorylate 
them, we asked whether SnoN could also associate with 
Smadl/5 and affect its interaction with ALKl. Indeed, WT 
SnoN could bind to Smadl/5 in a BMP9- or TGF-P-dependent 
manner in MEECs (Fig. 7 A). However, mSnoN was severely 
impaired in fostering this interaction. Thus, SnoN may play a 
direct role in facilitating Smadl/5 phosphorylation by ALKl by 
forming a complex with both ALKl and Smadl/5 to enhance 
their interactions. Consistent with this model, SnoN"'" MEECs 
also exhibited dramatically reduced Smadl/5 phosphorylation 
in response to either TGF-p (Fig. 7 B) or BMP9 (Fig. S3 A). 
Similar to SnoN m/m cells, SnoN"'" MEECs displayed signifi- 
cantly impaired Id-1, Smad7, and Smad6 expression and were 
refractory to BMP9 in proliferation, migration, and sprouting 
assays (Fig. S3, B-E). To further confirm that the reduced 
Smadl/5 phosphorylation and ALKl-Smadl/5 interaction in 
SnoN m/m and SnoN"'" MEECs were due to lack of SnoN ac- 
tivity, we used shRNA to knock down SnoN in WT MEECs 
and examined its effect on Smadl/5 phosphorylation and its 
interaction with ALKl. As shown in Fig. 7 C, reducing SnoN 
expression in WT MEECs caused a significant decrease in 
TGF-p-induced Smadl/5 phosphorylation as well as its inter- 
action with ALKl. 

The ability of SnoN to promote Smadl/5 activation is not 
unique to mouse endothelial cells, but also true for human endo- 
thelial cells. Human pulmonary artery endothelial cells (HPAECs) 
expressing shSnoN showed a significant reduction in ALK1- 
Smadl/5 interaction and Smadl/5 phosphorylation in response 
to either BMP9 or TGF-P (Fig. 7 D). Consistent with this, these 
cells displayed decreased Id-1 transcription (Fig. S3 F) and 
sprouting activity (Fig. S3 G) in the presence of BMP9. 

Finally, to confirm that the ALKl-Smadl/5 interaction can 
be strengthened by SnoN in a concentration-dependent manner, 
we coexpressed a fixed amount of HA- ALKl and Flag-Smadl/5 
in the absence or presence of increasing amounts of SnoN, and 
the effects of SnoN on the ALKl-Smadl/5 interaction were ex- 
amined by a coimmunoprecipitation assay. As shown in Fig. 7 E, 
SnoN enhanced the interaction between ALKl and Smadl/5 in 
a concentration-dependent manner. Because the mutant SnoN 
did not interact with Smadl/5 very well, it failed to facilitate the 
Smadl/5-ALKl interaction (Fig. 7 F). Interestingly, SnoN did 
not affect the interaction between ALK5 and Smad2 (Fig. S4 A), 
possibly due to the much weaker interaction of SnoN with ALK5 
(Fig. S4 B). Furthermore, no interaction between SnoN and 
ALK3 or ALK6 was detected (Fig. S4 B). Taken together, these 
data suggest that SnoN may bind to both ALKl and Smadl/5 to 
enhance their interaction and phosphorylation in both mouse and 
human endothelial cells. 
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Figure 7. SnoN facilitates the interaction of Smadl/5 with ALK1. (A) WT but not mutant SnoN associates with Smadl /5 in endothelial cells. Flag-tagged 
WT or mutant SnoN was transiently transfected into WT MEECs. 48 h after transfection, the cells were stimulated with or without either 100 pM TGF-(J or 
1 0 ng/ ml BMP9 for 30 min. Interaction between Flag-SnoN (F-SnoN) and endogenous Smad 1/5 was detected by Western blotting analysis of anti-Flag IP 
(top panels). The levels of these proteins in cell lysates are shown in the bottom panels. (B) SnoN _/ ~ MEECs also display a reduced Smad 1/5 phosphory- 
lation. MEECs isolated from E 1 1 .5 WT or SnoN _/ ~ embryos were treated with 1 00 pM TGF-(3l for 1 h, and phosphorylation of Smad 1 /5 detected by 
Western blotting. (C and D) Knocking down SnoN by shRNA reduces the binding of Smadl/5 to ALK1 . WT MEECs (C) or WT HPAECs (D) infected with a 
retrovirus expressing shSnoN or vector control were treated with 1 00 pM TGF-(3 or 1 0 ng/ ml BMP9 for 1 h and subjected to coimmunoprecipitation assay 
with anti-ALKl . Black lines in the bottom two cell lysate panels indicate the removal of intervening lanes for presentation purposes. (E) SnoN enhances the 
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Western blotting with anti-Flag. (F) Mutant SnoN fails to enhance the Smadl-ALKl interaction. HA-ALK1 and Flag-Smadl were cotransfected with Flag- 
tagged WT SnoN or mSnoN into 293T cells. The Smadl-ALKl interaction was measured as described in E. (G] Model of SnoN regulation of TGF-(3 and 
BMP9 signaling in endothelial cells. SnoN enhances activation of Smadl /5 by ALK1 while repressing the activity of the ALK5 pathway. By regulating the 
activity of the two pathways, SnoN maintains the proper level of endothelial cell proliferation, migration, and maturation. 



Based on both in vivo and in vitro observations, we pro- 
pose that SnoN regulates angiogenesis through promoting 
ALK1 signaling while repressing ALK5 activity. By regulating 
the activity of the two pathways, SnoN maintains the proper 
level of endothelial cell proliferation, migration, and maturation 
(Fig. 7 G). Inactivation of this modulating capability either 
through deleting SnoN expression entirely or through disrup- 
tion of the SnoN-Smads interaction disrupts both extra-embryonic 
and embryonic angiogenesis, specifically leading to angiogene- 
sis defects observed in the SnoN m/m embryos. 

Discussion 

In endothelial cells, both ALK1 and ALK5 signaling pathways 
are critical for yolk sac and embryonic angiogenesis. We have 
uncovered a novel positive role of SnoN in enhancing ALK1- 
dependent Smadl/5 activation in endothelial cells during em- 
bryonic angiogenesis. Upon binding of BMP9 or TGF-p, SnoN 
directly binds to the ALK1 receptor on plasma membrane and 



facilitates the interaction between ALK1 and Smadl/5 and sub- 
sequently Smadl/5 phosphorylation. Disruption of the SnoN- 
Smad interaction significantly impairs Smadl/5 activation 
while simultaneously up-regulating Smad2/3 activity, resulting 
in a decrease in ALK1 signaling and an increase in the ALK5 
activity (Fig. 7 G). This results in disrupted endothelial pro- 
liferation, migration, and differentiation as well as defective 
VSMC recruitment and differentiation, eventually leading to 
defective yolk sac and embryonic angiogenesis, AVM, and 
embryonic lethality at E12.5. Thus, SnoN can modulate Smad 
activities in both positive and negative manners depending on 
the tissue context. More importantly, our studies suggest that 
the overall impact of SnoN on TGF-P signaling in endothe- 
lial cells is not merely as a negative regulator as one might 
expect, but rather as an integral part of the TGF-p signaling 
circuit. SnoN promotes BMP9- or TGF-p-dependent biologi- 
cal processes by coordinating the actions of multiple TGF-p 
signaling branches or modulating the robustness of the sig- 
naling circuit. 
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Our discovery that SnoN can directly promote Smadl/5 
phosphorylation by facilitating the interaction of ALK1 and 
Smadl/5 in endothelial cells is different from the recent report 
by Kawamura et al. (2012), whose findings show that SnoN can 
suppress BMP2-induced chondrocyte maturation at a step down- 
stream of Smadl/5 phosphorylation, although the exact mecha- 
nism of this repression and whether this repression by SnoN 
is direct or through another molecule is not clear. It is possible 
that in different cell types and in the presence of different BMP 
ligands, SnoN may act on the signaling pathways differently. 
This highlights the unique tissue-specific nature of TGF-p 
family signaling activities. 

Interestingly, although all MEEC cell lines isolated from 
the SnoN - ' - mice displayed defects in Smadl/5 activation simi- 
lar to the SnoN"* 1 MEECs, we did not detect similar vascular 
defects in the SnoN - ' - embryos (unpublished data). The mech- 
anism underlying this phenotype difference between the SnoN m/m 
and SnoN - ' - embryos is not clear. We speculate that the lack 
of SnoN protein in the SnoN _/ ~ embryos may trigger a compen- 
satory program to unregulate the expression of proteins of simi- 
lar function in order to ensure survival, whereas the presence of 
a SnoN protein, albeit a functionally inactive one, in the SnoN m/m 
embryos may prevent the activation of such a compensatory 
event, leading to the severe defects and embryonic lethality ob- 
served. Alternatively, the mutant SnoN protein may act in a 
"gain-of-function" manner. For example, the lack of Smad an- 
tagonism may alter the dynamics of the interaction between the 
mutant SnoN protein and other TGF-p-dependent or -independent 
pathways, leading to unexpected outcomes. 

The ability of SnoN to act as a positive regulator of Smads 
appears to be specific for the ALK1 -dependent Smadl/5 pathway 
in endothelial cells, but not for the ALK5-Smad2/3 pathway, nor 
for Smadl/5 activation by other BMP type I receptors (ALK3, 6). 
This specificity is likely due to the difference in binding affinities 
between SnoN and different ALK molecules. In endothelial cells, 
SnoN interacts strongly with ALK 1, but not with ALK2-ALK5, in 
a TGF-(3- or BMP9-dependent manner. Through its ability to bind 
to the Smads, SnoN can facilitate the ALKl-Smadl/5 interaction 
and subsequently Smadl/5 activation. mSnoN still binds to ALK1, 
but fails to bind to Smadl/5, and is therefore defective in promot- 
ing Smadl/5 activation. This activation mechanism of SnoN on 
Smadl/5 is entirely different from its repression on Smad2/3 in two 
aspects. First, SnoN activates Smadl/5 signaling at the plasma 
membrane, where SnoN physically binds to and colocalizes with 
ALK1 on the cell surface. Although SnoN is largely known as a 
nuclear and cytoplasmic protein, we found that a fraction of SnoN 
exists on the plasma membrane in endothelial cells, but not in other 
cell types. A recent report suggests that Ski may associate with 
ALK5 and enforce sequestration of the Smad2/4 complex by the 
receptor, leading to reduced transcriptional activation of TGF-p 
target genes (Ferrand et al., 2010). However, we failed to detect a 
strong interaction between SnoN and ALK5 in endothelial cells 
or other cancer cell lines (Zhu et al., 2007). Second, SnoN binds 
strongly to Smad2/3 in the nucleus to repress their transcription ac- 
tivity. In contrast, the interaction of SnoN with Smadl/5 is not 
as strong as that with Smad2/3. It is possible that this interaction 
is strengthened by ALK1 upon BMP9 or TGF-p stimulation. 



Consistent with this, binding of SnoN with Smadl/5 was not 
detected to a similar extent in a nonendothelial cell line (unpub- 
lished data). Perhaps due to this weaker affinity for Smadl/5, 
SnoN may not inhibit their transcription activity as effectively 
as it does for Smad2/3. 

Disruption of the activities of ALK1 and ALK5 signaling 
not only directly affects the proliferation, differentiation, and 
migration of the endothelial cells, but also the recruitment and 
differentiation of vascular smooth muscle cells or pericytes. The 
proper activities of the two branches are also crucial for the 
expression of many cytokines including TGF-p 1 itself, BMP9, 
and VEGF (unpublished data), which are also important regu- 
lators of yolk sac and embryonic angiogenesis. Interestingly, 
the SnoN knock-in mice also show markedly reduced expres- 
sion of TGF-p 1, which may further contribute to the defective 
angiogenesis (Goumans and Mummery, 2000). Consistent with 
its activity in facilitating Smadl/5 activation by ALK1, the 
SnoN m/m embryos display AVM and dramatically reduced ex- 
pression of Ephrin-B2, a feature found in mice deficient in 
ALKl-Smadl/5 signaling, but not in mice lacking ALK5 
branch signaling. Although similar, the defects in SnoN m/m mice 
are less severe than those found in mice lacking ALK1 or 
Smad5. In particular, among the limited number of surviving 
SnoN m/m mice examined, only one aged female mouse devel- 
oped a noticeable AVM in the cystic ovary (Fig. SI), while all 
other adult SnoN m/m mice appeared to have normal vascular net- 
works in the lungs and GI tracts. This differs from the pheno- 
types of mice with endothelial-specific ALK1 knockout, which 
exhibited vascular malformation and AVM in the yolk sacs and 
embryonic lungs by E17.5 (Park et al., 2008) as well as in the 
postnatal organs, such as lung, brain, and GI tracts (Park et al., 
2009). Furthermore, the SnoN m/m mice display only a partial 
embryonic lethality instead of full penetrance as found in the 
knockout mice lacking any of the TGF-P receptors or Smads. 
The SnoN m/m embryos also died 1-2 days later than the ALK1- 
Smad5 KO embryos. This partial embryonic lethality cannot be 
due to the influence of genetic background because a similar 
percentage of embryonic lethality was observed in both 129P2 
and C57BL/6J background (unpublished data). Interestingly, 
100% of SnoN mutant MEEC cell lines show significantly de- 
creased Smadl/5 activation, suggesting that all the mice display 
molecular defects in Smadl/5 activation in the endothelium, yet 
some of them are able to overcome this defect and develop well 
enough to survive. One possible explanation for this is that unlike 
deletion of the TGF-p receptors or Smad proteins, inactivation 
of SnoN does not lead to pathway elimination. Instead, SnoN 
mainly functions as a modulator of the activity of ALK1 and 
ALK5 signaling. In early embryos, these alterations in signaling 
activities could conceivably be compensated by other feedback 
loops or signaling pathways. Although we fail to detect any 
changes in the protein expression levels of known negative regu- 
lators of the pathway including Ski and Smad7 (unpublished 
data), we cannot exclude the involvement of other yet-to-be- 
identified feedback regulators of the pathway. The marked altera- 
tion in the expression of many cytokines involved in angiogenesis 
may also contribute to the milder phenotypes. Future studies may 
identify these important regulatory mechanisms. 
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Materials and methods 

Mice, cells, antibodies, and constructs 

The SnoN m/m mice expressing a mutant snoN gene have been described 
previously (Pan et al., 2009). In brief, this knock-in mouse expresses 
a snoN mutant containing point mutations that alter amino acid residues 
88-92 and 267-277 to alanine and was generated through homologous 
recombination with the E14 mouse embryonic stem (ES) cells derived from 
129P2/OlaHsd mice in C57BL/6 background. The SnoN m ^ m mice used 
in this study have been backcrossed to C57BL/6 for additional six gen- 
erations. The SnoN~ /_ mice were obtained from S. Pearson-White (The 
Biomarker Consortium, Washington, DC). 293T cells were maintained in 
DMEM with 10% fetal bovine serum. MEECs were maintained in DMEM 
with 10% fetal bovine serum and 10 uM SB431542 (Tocris Bioscience). 
HPAECs were purchased from Invitrogen and cultured in Medium 200 plus 
low serum growth supplement (Invitrogen). Antibodies against Flag, HA, 
and a-smooth muscle actin (a-SMA) were purchased from Sigma-Aldrich; 
Smad2/3 from BD; SnoN (H3 1 7), Smad 1 /5/8 (sc-603 1 ), ALK1 (RM0015- 
1B03), ALK1 (HI 50), ALK5 (v-22), and tubulin from Santa Cruz Biotech- 
nology, Inc.; ALK1 (AF770) and BMP9 (MAB3209) from R&D Systems; 
phospho-Smad 1 /5/8 (#951 1) from Cell Signaling Technology; and the 
Alexa fluorophore-conjugated secondary antibodies from Molecular 
Probes. Anti-phosphoSmad2 antisera (rabbit polyclonal antibody against 
a peptide [KKK-SSpMSp] containing two phosphoserine residues at the 
C terminus of Smad2) was a gift from A. Moustakas (Ludwig Institute for 
Cancer Research, Uppsala, Sweden). The ALK1- and BMP-responsive 
luciferase reporter construct (BRE) 2 lux (two copies of the BMP-responsive 
elements [BREs] from the ld-1 promoter fused to the major late minimal 
promoter from adenovirus and cloned into the pGL3basic luciferase vec- 
tor [Promega]) was provided by P. ten Dijke (Leiden University Medical 
Center, Leiden, Netherlands). 

Isolation of MEECs 

MEECs were isolated from El 1 .5 embryos as described previously (Larsson 
et al., 2001; Goumans et al., 2002). In brief, the embryos were trypsin- 
ized at 37°C for 5 min and sheared to make a single cell suspension. The 
cells were seeded in a 0.1% gelatin-coated well in DMEM + 10% FCS at 
37°C overnight, and then infected with viruses produced by PSI cells (ex- 
pressing the Polyoma middle T antigen) for 1 6 h. After two rounds of infec- 
tion, cells were cultured in DMEM with 1 0% FCS, 2 ng/ ml bFGF, 25 ng/ ml 
VEGF, 10 uMSB431542, and 400 ng/ml G418 for 10-15 d. After 12 
passages, the cells were considered immortalized. 

Transfection, retroviral infection, luciferase assay, immunoprecipitation, 
and Western blotting 

293T cells, MEECs, and HPAECs were transiently transfected by using 
Lipofectamine Plus (Invitrogen) according to the manufacturer's protocol. 
For retroviral infection of MEECs and HPAECs, cDNAs or shRNAs in retroviral 
vectors were cotransfected with packaging plasmids (pCMV-gag-pol and 
pBS-VSVG) into 293T cells to generated high-titer viral supernatant, which 
was used subsequently to infect the MEECs and HPAECs. After 48 h, infected 
cells were selected with 1 .5 ug/ml puromycin. Pools of puromycin-resistant 
cells were analyzed in various experiments. For luciferase assays, a total 
of 2.5 ug of DNA (0.5 ug of either ALK5- or ALK1 -responsive luciferase re- 
porter construct [p3TP-lux or (BRE) 2 lux] was transiently transfected into 
MEECs or infected HPAECs. At 24 h after transfection, cells were serum 
starved for 8 h and stimulated with either 50 pM TGF-pl or 1 0 ng/ml BMP9, 
and the luciferase activity was measured 1 6 h later according to the manu- 
facturer's protocol (Zhu et al., 2005). 

Endogenous proteins were isolated by immunoprecipitation as de- 
scribed previously (Zhu et al., 2007). In brief, 6 ug of specific antibodies 
were bound to 40 pi of protein A-Sepharose beads (Sigma-Aldrich) and 
incubated with 1-2 mg whole-cell lysates in low salt lysis buffer (150 mM 
NaCI, 50 mM Hepes-KOH, pH 7.8, 5 mM EDTA, 0.1% NP-40, 3 mM di- 
thiothreitol, and 0.5 mM PMSF) at 4°C for at least 2 h. Samples were 
eluted off the beads by boiling in 1 x SDS buffer followed by standard SDS- 
PAGE and Western blot analysis. 

Cell proliferation assay 

2 x 10 4 WT or SnoN m ^ m or SnoN _/ ~ MEECs were cultured either with or 
without 10 uM SB-431542 or 10 ng/ml BMP9 or 5 ng/ml a-BMP9 anti- 
bodies for 4 d. Relative cell growth was determined by counting cell num- 
bers from day 1 to day 4. 

Immunofluorescence 

MEECs were grown on glass coverslips, fixed with ice-cold methanol for 
20 min, permeabilized with 0.1% Triton X-100 for 5 min, and stained 



with the primary antibody a-ALKl (1 :50; R&D Systems) or a-SnoN (rab- 
bit polyclonal antibody against a peptide located at the C terminus of 
human SnoN [KELKLQILKSSKTAKE], 1 :500; Krakowski et al., 2005), 
and the appropriate Alexa fluorophore-conjugated secondary antibod- 
ies (Molecular Probes). Nuclei were detected by DAPI staining. Cells 
were visualized by a fluorescence microscope (Axiolmager M2; Carl 
Zeiss) with a 20x/0.5 EC Plan-Neofluar objective (Carl Zeiss) at room 
temperature, and the images were captured with a camera (5 Mpix Micro- 
Publisher; Qlmaging). 

Whole-mount staining, in situ hybridization, and immunohistochemistry 

Embryos were fixed in PBS containing 4% paraformaldehyde (PFA), and 
whole-mount a-PECAM staining was performed according to a standard 
protocol using anti-PECAM-1 (clone MEC13.3, 1:500; BD) and peroxi- 
dase-conjugated secondary antibody (BD Biosciences; Hogan etal., 1994). 
Whole-mount in situ hybridization with SMA probe was performed as 
described previously (Mavrakis et al., 2007). Sense or antisense RNA 
probes were generated using the Roche DIG RNA labeling kit. Pictures of 
whole-mount embryo stainings were taken under a fluorescence dissecting 
microscope (SterREO Lumar; Carl Zeiss) at room temperature with a color 
digital camera (3Mpix; Qlmaging) and iVision image analysis software 
(BioVision Technologies). 

Immunohistochemistry was performed as described previously 
(Jahchan et al., 201 0). In brief, paraffin-embedded mouse embryo trans- 
verse sections were deparaffinized in xylenes, rehydrated in a series 
of ethanol gradients, and permeabilized with 20 ug/ml proteinase K for 
10 min at room temperature. Anti-SnoN, SMA, and PECAM-1 stainings 
were performed using the Tyramide Signal Amplification Biotin System 
kit (PerkinElmer) with anti-SnoN (1:200; Krakowski et al., 2005), anti- 
SMA at 1 :200 (#01 7k4755; Sigma-Aldrich), and anti-PECAM-1 at 1 :25 
(clone MEC13.3; BD). For visualization, DAB was used as the peroxi- 
dase substrate (SK-4105; Vector Laboratories). All images were visual- 
ized under a fluorescence microscope (Axiolmager M2; Carl Zeiss) with 
a 1 Ox/0.3 EC Plan-Neofluar objective at room temperature and cap- 
tured with a camera (5 Mpix MicroPublisher; Qlmaging) and iVision 
image analysis software. 

India ink and latex dye injection 

Ink injection assay was performed as described previously (Urness et al., 
2000) in E9.5-1 1.5 embryos. In brief, embryos were dissected in PBS- 
Tween (0.1%) and immediately injected in the outflow tract of the heart 
with India ink diluted in PBS-Tween to 20% with a finely drawn Pasteur pi- 
pette. The embryos were either photographed directly or fixed in 4% PFA 
for later paraffin-embedded sectioning. 

Latex dye injection was performed as described previously (Park et al., 
2009). In brief, latex dye was perfused via left heart of anesthetized mice 
following sequential perfusion of heparin, vasodilators, and formalin. For 
generation of the skin wounds, full-thickness excisional wounds of 4 mm in 
diameter were inflicted into the dorsal skin and ear areas using a biopsy 
punch 8 d before the latex dye infusion. After overnight fixation with for- 
malin, the stained organs or tissues were dehydrated by methanol series, 
cleared in benzyl alcohol/benzyl benzoate (1:1; Sigma-Aldrich), and ob- 
served under a microscope (model MZ8; Leica) with 0.63x, lx, and 2x 
objectives for different organs and tissues. Images were captured by a 
camera (model DFC 320; Leica) and Application Suite version 2.4.0 Rl 
software (Leica). 

RNA isolation and RT-PCR 

Total RNA from yolk sacs or MEECs was extracted using the RNeasy Mini 
kit (QIAGEN). Complementary DNA (cDNA) was produced using reverse 
transcription (Superscript II; Invitrogen), and was amplified with the 
following sets of primers: /3-actin: 5'-GGACCTGGCTGGCCGGGACC-3' 
(forward) and 5 '-GCGGTGCACGATGGAGGGGC-3 ' (reverse); PA/- 7: 
5'-GGGGCCGTGGAACAAGAATGAGAT-3' (forward) and 5'-AGATG- 
TTGGTGAGGGCGGAGAGGT-3 ' (reverse); ld-1: 5'-TCCTGCAGCA- 
TGTAATCGAC-3 ' (forward) and 5 '-GAGAGGGTGAGGCTCTGTTG-3 ' 
(reverse); ephrinB2: 5 '-CAGACAAGAGCCATGAAGATCC-3 ' (forward) and 
5'-TCTCCCATTTGTACCAGCTTCT-3' (reverse); Ang!: 5'-GGCACGGAAG- 
GC AAGCGCTG-3 ' (forward) and 5 '-C AAGC ATGGTGGCCGTGTGG-3 ' 
(reverse); Ang2: 5 '-GAACCCTCTGGGAGAGTACTG-3 ' (forward) and 
5 '-GCTGCTATGCACTGGTGTCTC-3 ' (reverse); Tie2: 5'-CCTTCCTACCT- 
GCTACTTTA-3' (forward) and 5 '-CC ACTACACCTTTCTTTACA-3 ' (reverse); 
Fltl: 5 '-TGTGGAGAAACTTGGTGACCT-3 ' (forward) and 5'-TGGAGAA- 
C AGCAGGACTCCTT-3 ' (reverse); Flkl: 5 '-AGAAC ACCAAAAGAGAG- 
GAACG-3' (forward) and 5 '-GCACACAGGCAGAAACCAGTAG-3 ' 
(reverse); Flt4: 5 '-CACCGAAGCAGACGCGCTGATGAT-3 ' (forward) and 
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5 '-AGCTGCTGTCTGCGAAGAAGGT-3 ' (reverse); Hes 1: 5'-TACCCCAGCC- 
AGTGTCAACA-3' (forward) and 5 '-CCATGATAGGCTTTGATGACTTTCT-3 ' 
(reverse); Hey-1: 5 '-TGAGCTGAGAAGGCTGGTAC-3 ' (forward) and 
5'-ACCCCAAACTCCGATAGTCC-3' (reverse); Hey-2: 5'-TGAGAAGAC- 
TAGTGCCAACAGG3 ' (forward) and 5 '-TGGGC ATC AAAGTAGCCTTTA-3 ' 
(reverse); qSmad6: 5 '-AGGAGAAACTCGCTCGCTCCAAGTGCAT-3 ' 
(forward) and 5'-AGCTCCCTTCTTACTCCCTGCAAA-3' (reverse); qSmad7: 
5 '-TCGGACAGCTCAATTCGGACAACA-3 ' (forward) and 5'-AACACCTT- 
GTGTACCAACAGCGTG3 ' (reverse); q/d-l: 5'-ATCAGGGACCTTCA- 
GTTGGAGC-3' (forward) and 5 '-AGACCCAC AGAGCACGTAATTCC-3 ' 
(reverse). For semi-quantitative PCR, the following PCR program was 
performed: 94°C for 5 min (initial denaturation), 94°C for 30 s, 55°C for 
30 s, and 72°C for 45 s. Within the linear range of amplification, all PCR 
products were prepared under appropriate cycling conditions and 
separated on a 1% agarose gel. 

The quantitative real-time PCR was performed in quadruplicates using 
the 7300 Real-Time PCR System (Applied Biosystems) and SYBRGreen PCR 
Master Mix (Applied Biosystems). 

Transwell migration assay 

The membrane of a transwell upper chamber (8 pm polycarbonate mem- 
brane; Corning) was precoated for 1 h with 0.05 mg/ml collagen I (BD). 
The lower chamber was covered with media containing 1 0% FBS. 1 0 5 cells 
in media containing 1% FBS were seeded in the upper chamber. 10 ng/ml 
BMP9 was added to both upper and lower chambers, and cell migration 
was allowed to proceed for 8-16 h at 37°C. Cells were stained with 1% 
Crystal Violet in 20% methanol for 5 min, and the number of migrated cells 
was scored by counting the stained cells from multiple randomly selected 
microscopic visual fields. 

Endothelial spheroids sprouting assay 

Sprouting assays were performed as described previously (Primo etal., 201 0). 
In brief, MEECs or HPAECs in culture medium containing 0.4% methylcellulose 
were seeded in nonadhesive round-bottom 96-well plates (800 cells per well) 
overnight. The spheroids were collected (36 spheroids per assay), resus- 
pended, and seeded in flat-bottom 96 well plates in medium containing 
20% FBS, 0.66% methylcellulose, and 3 mg/ml collagen gel from rat tail (BD) 
in the presence or absence of growth factors (50 ng/ml VEGF and 1 0 ng/ml 
BMP9) for 24 h. Tubular structures were examined under an inverted phase- 
contrast microscope. The lengths of the sprout outgrowth were quantified using 
ImageJ software (National Institutes of Health). 

Statistical analysis 

Two-tailed unpaired Student's f tests were used for statistical analysis. 
Quantitative data are presented as the mean ± SEM. Values of P < 0.05 
were considered statistically significant. 

Online supplemental material 

Fig. SI shows an AVM detected in the blood vessels on the surface of 
a cystic ovary in an aged SnoN m/m mouse. Fig. S2 shows that SnoN is 
required for ALKl phosphorylation of Smadl/5. Fig. S3 depicts how 
SnoN~/~ MEECs and HPAECs expressing shSnoN show an impaired re- 
sponse to BMP9. Fig. S4 shows that SnoN is not required for the Smad2- 
ALK5 interaction and only binds strongly to ALKl , but not to ALIO, ALK6, 
or ALK5. Online supplemental material is available at http://www.jcb.org/ 
cgi/content/full/icb.2012081 13/DC1. 
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